Abstract. Motility and fertilizing ability are known to be two important physiological attributes of a mature sperm, yet the mechanism by which spermatozoa mature and become motile remains largely unknown. It has been shown that nerve growth factor (NGF) is a protein essential for the development, maintenance and survival of the peripheral and central nervous systems. However, the presence of high levels of NGF protein and mRNA do not correlate with the innervations by NGF sensitive fibers in tissues such as the testis, prostate and seminal vesicles. These observations have shifted the attention of research to the role of NGF outside of the nervous system. Here, we demonstrate that NGF and its receptors TrkA and p75 are widely expressed in the testis, accessory reproductive organ, and the epididymal sperms. We also show that NGF stimulates two important aspects of sperm functions, motility and the acrosome reaction, in a time-and dose-dependent manner. NGF activated the sperm cell acrosome reaction, while addition of inhibitors specific for MAPK kinase significantly blocked the sperm acrosome reaction. Taken together, our findings suggest that NGF plays an integral role in sperm motility and the acrosome reaction through, at least in part, the MAPK signalling pathway. Key words: Acrosome reaction, Golden hamster, Motility, Nerve growth factor (NGF), Sperm (J. Reprod. Dev. 56: [437][438][439][440][441][442][443] 2010) everal reports have established that the neurotropins, which include NGF, brain-derived neurotropic factor (BDNF), NT-3, NT-4 and NT-5, are essential factors concerning the development and maintenance of sympathetic and sensory peripheral neurons as well as central cholinergic neurons [1] . Effects of NGF have been shown to be mediated through specific membrane receptors of low-(p75) and high-(TrkA) affinity, the latter being responsible for most of its biological activities on neuronal tissues [1] and others [2] [3] [4] .
(J. Reprod. Dev. 56: [437] [438] [439] [440] [441] [442] [443] 2010) everal reports have established that the neurotropins, which include NGF, brain-derived neurotropic factor (BDNF), NT-3, NT-4 and NT-5, are essential factors concerning the development and maintenance of sympathetic and sensory peripheral neurons as well as central cholinergic neurons [1] . Effects of NGF have been shown to be mediated through specific membrane receptors of low-(p75) and high-(TrkA) affinity, the latter being responsible for most of its biological activities on neuronal tissues [1] and others [2] [3] [4] .
Each neurotrophin binds a specific Trk receptor tyrosine kinase [5] , and its binding to Trk receptors results in receptor dimerization and kinase activation. Trk receptor phosphorylation promotes signaling cascades by creating docking sites for adaptor proteins that couple these receptors to pathways such as the Ras/extracellularsignal-regulated protein kinase (ERK) and mitogen-activated protein kinase (MAPK) pathways [6] .
Despite the central tropic effect of neurotrophins in the nervous system, high levels of NGF have been reported to exist outside the nervous system, particularly in the testis [7, 8] . In addition, a substantial number of observations linking NGF to sperm development have been reported: high levels of NGF mRNA have been discovered in the lower mouse caput epididymis and corpus epididymis, suggesting a role for NGF in sperm maturation [7] , testicular and germ cell atrophy following exposure to n-hexane leads to loss of NGF [9] and NGF has been found to be synthesized by spermatocytes and early spermatids [7] . NGF has already been implicated in sperm cell survival either via high affinity receptor TrkA, which is up-regulated by human chronic gonadotropin (hCG) [9] or via low affinity receptor p75, which has been shown to be down-regulated by testosterone [10] . Taken together, these data strongly indicate a key role of NGF in male reproduction.
However, a key role of NGF on the two major aspects of sperm functions, sperm motility and the acrosome reaction, remains unclear. In the present study, we attempt to elucidate the physiological role of NGF in relation to reproduction by examining its presence in the reproductive organs and its ability to influence sperm function.
Materials and Methods

Animals
Adult male golden hamsters (Mesocricetus auratus, 3-monthold) were used in the present study. The animals were housed in groups of 6-8 animals per cage in a room with controlled conditions of temperature (22-25 C) , humidity (50-60%) and lighting (14 h:10 h light to dark cycle; lights on at 0500 h). Food and water were available ad libitum. Animals were sacrificed by decapitation at 0900-1100 h. All experimental procedures involving animals were carried out in accordance with requirements established under the Guide for the Care and Use of Laboratory Animals by Tokyo University of Agriculture and Technology. Unless indicated otherwise, each experiment condition used 5-6 animals and was repeated two times with similar results.
Tissue processing
The testis, epididymis, efferent ducts, and ductus deferens were immediately fixed in 4% paraformaldehyde (Sigma Chemical, St. Louis, MO, USA) in 0.05 M PBS, pH 7.4, and embedded in paraffin. The paraffin-embedded testicular tissues were serially sectioned at 6-μm thick and placed on poly-L-lysine (Sigma Diagnostics, St. Louis, MO, USA) coated slide glasses (Dako Japan, Kyoto, Japan) used in immunohistochemistry.
Immunohistochemistry
After deparaffinization with xylene, the tissue sections were subjected to antigen retrieval by autoclaving with 0.01 M sodium citrate buffer (pH 6.0) at 121 C for 15 min. The sections were then incubated in 6% H2O2 in methanol at room temperature for 1 h followed by 0.5% casein-Tris saline (0.05 M Tris-HCl with 0.15 M NaCl, pH 7.6; CTS) at 37 C for 1 h to quench non-specific staining. Then they were incubated at 37 C for 16-18 h with polyclonal antibody to NGF (M-20), TrkA (763) and p75 (H-92; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at dilutions of 200 ng/m in CTS, respectively. After incubation with specific antibodies, sections were treated with 0.25% (v/v) biotinylated goat anti-rabbit secondary antibody (Elite ABC kit; Vector Labs. Burlingame, CA, USA) in CTS for 1 h at 37 C. These sections were subsequently incubated with 2% (v/v) avidin-biotin complex (Elite ABC kit) in CTS for 30 min at 37 C. The reaction products were visualized by treating them with 0.025% (w/v) 3.3'-diaminobenzidine tetrachloride (DAB, Sigma) in 100 mM Tris-buffered saline containing 0.01% H2O2 for 1-30 min.
Fluorescence immunohistochemistry for sperm
For immunohistochemistry of caput, corpus, caudal epididymal and hamster testis sperm, the sperms were washed twice with PBS and fixed in 4% paraformaldehyde (Sigma Chemical, St. Louis, MO, USA) in 0.05 M PBS, pH 7.4, for 1 h at room temperature. The fixed sperm were washed twice in PBS by centrifugation and resuspended in PBS containing 200 ng/ml polyclonal antibody to NGF (M-20), TrkA (763) and 2 μg/ml p75 (H-92; Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 37 C. After washing, fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG (1:250) was added for 1 h at 37 C. Sperms were washed again, and mounted using Vectashield (Vector Laboratories) to protect against fading and examined using an epifluorescence inverted Nikon Diaphot microscope (Nikon, Tokyo, Japan).
Preparation of caudal epididymal sperm
The sperms were collected from the caudal epididymis and incubated in prewarmed Tyrode's modified medium containing 2 mM CaCl2, 3.16 mM KCl, 0.35 mM MgCl2-6H2O, 114 mM NaCl, 25 mM NaHCO3, 12.5 mM sodium lactate, 0.25 mM sodium pyruvate, and 1 mg/ml polyvinyl alcohol (PVA) without BSA and (pH 7.2) at 37 C for 20 min to allow sperm to swimup. Aliquots of collected swimup sperm were washed twice (610 × g, 10 min). To induce the acrosome reaction, sperm was cultured at a final concentration of about 2-3 × 10 6 spermatozoa per ml in Tyrode's medium with 3 mg/ml BSA, a medium that has been demonstrated to support the acrosome reaction in hamster spermatozoa [11] .
Flow cytometry
Sperms were prepared according to the above methods, and then washed in 0.01 M PBS (pH 7.4) three times and resuspended at a final concentration of 10 × 
In vitro sperm motility measurement
Sperm motility was monitored using a C. IMAGING computerassisted sperm motion analysis system (COMPIX INC, Tualatin, OR, USA). Sperm cells were prepared by our previous established methods with slight modification [12] . Aliquots of collected swimup sperm were washed twice (610 × g, 10 min) with M199 medium and used for the following analysis.
To determine the dose of NGF with optimal effect on the motility of spermatozoa in vitro, the sperm suspensions were treated with 10, 100 and 500 ng/ml NGF for 30 min. After we fixed the optimal dose (500 ng/ml) of NGF for sperm culture, the sperm motility was determined at regular intervals of time, 0.5, 1, 2 h up to a maximum of 5 h, and the experiments were repeated three times in different animals. Simultaneously, in addition to the percentage of motile cells, motility parameters such as straight velocity (VSL), curvilinear velocity (VCL), amplitude of lateral head displacement (ALH), average radius and beat/cross frequency were also determined for each time point. Sperm suspensions without NGF served as controls.
Assessment of the acrosome reaction (AR) with flow cytometry
Sperms were incubated with sperm activation medium (1 M TALP plus 0.05 mM epinephrine, 0.5 mM taurine plus 15 mg/ml BSA). Before being applied to a sperm acrosome reaction analysis, sperms were preincubated for 10 min with the following inhibitors: 50 ng/ml K-252a (Calbiochem-Boehring, La Jolla, CA, USA), TrkA inhibitors, 50 μM PD98 059 (New England Biolabs, Beverly, MA, USA) and MAPK/ERK kinase 1 inhibitor. The sperms were pretreated with inhibitors or a Tyrode's medium and then incubated with 500 ng/ml NGF; PBS solution was used as the control vehicle. To evaluate the sperm acrosome reaction, fluorescein-conjugated peanut agglutinin (PNA-FITC, EY. Labs, San Mateo, CA, USA, 10 μg/ml) was used as the acrosome reaction marker, whereas ethidium homodimer 1 (EthD-1, Molecular probes, Eugene, OR, USA, 1 mM final concentration) was used as a survival marker. All experiments were repeated three or four rimes using different male hamsters.
Results
NGF and its receptors are expressed in the testis and accessory reproductive organs
In an attempt to better characterize expression of NGF in the reproductive organs, we first examined the expression of NGF and its receptors in the testis, vas efferens and caput, corpus and caudal epididymis of the adult male golden hamster. The positive immunostaining signal for NGF was confined to the Leydig cells (Fig. 1) . The pachytene and preleptotene spermatocytes (P) and elongated spermatids (ES) also showed positive immunostaining for NGF, while only the Sertoli cells (S) were positively stained for TrkA. p75 showed ubiquitous distribution in the testis, where Sertoli cells (S), Leydig cells (L) and pachytene spermatocytes (P) all showed positive staining. After spermatogenesis takes place in the testis, maturing sperm need to travel through the accessory reproductive organs, such as the efferent ducts, epididymis, and vas deferens. Thus, we hypothesized that these tissues may also be areas of NGF expression. Upon NGF, TrkA and p75 immunostaining in male golden hamster excurrent, we found that epithelial cells, smooth muscle and fibroblasts in the connective tissue of the efferent ducts showed a strong positive signal for NGF, TrkA and p75, respectively (Fig. 1b) . Normal rabbit serum, the negative control for our immunostaining, did not show any positive signal in the testis, epithelia, or smooth muscle of the efferent ducts and caput, corpus and caudal epididymis. These data strongly indicate that NGF and its receptors are well expressed from the testis and excurrent ducts.
NGF and its receptors function as an endogenous sperm surface protein
This expression of NGF and its receptors in the testis and accessory reproductive organs led us to hypothesize that NGF might play a role in regard to sperm function. To approach this, we next evaluated whether the sperm cell surface contained NGF and its receptors. Sperm cells isolated from the rete testis and caput, and caudal epididymis were positively stained with NGF, TrkA and p75 (Fig 2a) . Antibody specificity was confirmed by normal rabbit serum (NRS). As shown, all three origins of sperm cells surface stained positively for NGF and its receptors, indicating some critical association between sperm function and NGF.
To further confirm this finding, we performed immunofluorescence staining and a flow cytometry analysis of sperm from different parts of the epididymis, caput sperm (Fig. 2c) , caudal sperm ( Fig. 2d) and sperm from the vas deferens (Fig. 2e) . Compared with the normal rabbit serum control, NGF, TrkA and p75 antibodies showed specific and positive fluorescence intensity. Taken together, these data indicate that NGF and its receptors work as endogenous sperm surface proteins.
NGF is an important factor for sperm motile
Coupling our findings that NGF and its receptors were endogenous proteins in sperm and are highly expressed in tissues involved with sperm maturation, we hypothesized that NGF itself might be a key player involved in sperm maturation and/or function. Therefore, we focused our attention on two major aspects of sperm function: motility and the acrosome reaction. Sperm motility was assessed by a computer-assisted real-time sperm motion analysis system [12] after NGF vs. vehicle treatment. We found that sperm motility was significantly increased in an NGF dose-dependent (Fig. 3a) and time-dependent manner at the 500 ng/ml concentration (Fig. 3b) . In addition, straight velocity (straight line distance), an important indicator of a sperm's ability to fertilize an egg that was assessed by the sperm acrosome reaction, was increased, again in a time-and dose-dependent manner with the NGF treatment compared with the vehicle (Fig. 3a and 3b) . Other sperm motility parameters, such as mean amplitude of lateral head displacement (ALH-deviation of the sperm head from the mean trajectory), average radius and the curvilinear velocity (the total distance travelled divided by the total time the cell was tracked) were also increased by NGF in a dose-dependent manner (Fig. 3a) .
NGF regulates the sperm acrosome reaction (AR) via MAPK pathway
Upon ejaculation, sperm do not have fertilizing capacity [13] and must undergo the activation-acrosome reaction and hyperactivation [14] in the female reproductive tract. Having established expression of NGF in the testis and sperm cell surface, we hoped to demonstrate its role in the sperm cell acrosome reaction. To do this, we monitored the sperm acrosome reaction by fluorescence microscopy and flow cytometry after inducing an acrosome reaction by Tyrode's medium with 3 mg/ml BSA (see experimental procedures). Fluorescein-conjugated peanut agglutinin (PNA-FITC) was used as an acrosomal marker (Fig. 4a right) , whereas ethidium homodimer 1 (EthD-1) was used as a survival marker (Fig. 4a left) if sperms were positively stained for both EthD-1 and PNA, they were then determined as dead sperm cells but the acrosome reaction had occurred (Fig. 4a middle) . The percentage of sperm cells after incubation with capacitating medium that underwent acrosome reactions induced by 500 ng/ml NGF was remarkably increased compared with those with control vehicle treatment, indicating the critical role of NGF in sperm activation (Fig. 4b) . Since, NGF could activate MAPK signaling [15] , we attempted to elucidate the potential mechanisms that might mediate the NGF-induced sperm cell acrosome reaction; two specific inhibitors were tested after incubation of sperms with capacitating medium: K-252a, an inhibitor of TrkA, and PD98059, a MAPK/ERK inhibitor. Astonishingly, both inhibitors almost completely blocked the NGF-induced sperm cell acrosome reaction (Fig. 4b) . Accordingly, it appears that at least the NGF-TrkA-MAPK signaling pathway at least partly regulates the sperm cell acrosome reaction.
Discussion
To our knowledge, this is the first evidence that demonstrates a direct role of NGF in sperm motility and the acrosome reaction. In the current study, we revealed that NGF and its receptors were highly expressed in the sperm cell surface and that treatment with NGF could enhance and maintain sperm motility. More importantly, NGF was also able to stimulate another important sperm function, the acrosome reaction, via the MAPK signalling pathway.
Yet, not everything reported to date concerning NGF and reproductive biology is consistent with our data. For instance, previous data show that TrkA is expressed in Sertoli and interstitial cells of the testis at embryonic and early postnatal ages in the rat [16] . Our data suggest that the high affinity receptor TrkA is localized only in Sertoli cells, whereas p75 showed dispersed expressions in the testis of the adult male golden hamster. These differences might be partly explained by species-specific phenotypes.
Taken together, our data suggest that the NGF pathway might be involved in sperm cell motility and function. Indeed, this concept is strongly supported by our current flow cytometry analysis of and assessed using a C. IMAGING computer-assisted sperm motion analysis system: With the exception of beat/cross frequency and sperm motility, which were decreased with NGF treatment, sperm motility parameters were significantly increased by NGF treatment in a dosedependent manner. b) Sperm were treated with NGF (darkened circle) or vehicle (clear circle) and assessed over time; NGF treatment enhanced the majority of sperm motility parameters compared with the vehicle. Different characters indicate significant differences (P<0.05).
sperm surface NGF and its receptor expression. Our current studies reveal that sperm cell NGF, p75 and TrkA expression are strongly expressed from the lower caput to caudal epididymis and in the vas deferens. The definition of male infertility is male failure with their full reproductive potential to conceive with a fertile female. This may be due to decrease in the number of sperm or sperm not working properly, such as abnormal sperm motility and capacitation ability and other environmental or genetic problems [17] . It has been shown previously that sperm cell function and motility are regulated by a host of hormones and growth factors such as testosterone [18] , epidermal growth factor (EGF) [19] and fibroblast growth factor (FGF) [20] . Indeed, through our sperm motility and function assays in this paper, we add NGF as another important molecule in sperm function and motility. Overall sperm cell motility as well as straight velocity was significantly increased upon treatment of sperm with NGF in a dose-and time-dependent manner. These improved motility parameters are an indicator of good sperm health and, quite possibility, fertilizing ability.
Sperm and egg interact reciprocally in mammalian fertilization, the endpoint of which confers upon the sperm's ability to undergo the acrosome reaction and fertilize an egg. Mammalian sperm do not possess the ability to fertilize an egg immediately upon ejaculation, and so sperm cells require a finite period of residence in the female reproductive tract to become fertilization competent via the acrosome reaction [21, 22] . Hence, we were interested in understanding if the NGF pathway has any impact on the sperm acrosome reaction. Flow cytometry analysis revealed that, NGF treatment induces the sperm cell acrosome reaction. Remarkably, even in the continued presence of NGF, sperm cells that were pretreated with specific chemical inhibitors, k252a, a TrkA inhibitor, or PD98059, a MAPK inhibitor, almost completely blocked acrosome reactions. These results agree with previous work in which NGF stimulation alone could trigger sustained activation of MAPK signaling in PC12 cells [15] . Accordingly, it appears that the NGF-TrkA and NGF-MAPK signaling pathway is at least partly involved in the sperm cell acrosome reaction. Indeed, our present study reveals that NGF tightly regulates this event in a time and dose-dependent manner via the MAPK signaling pathway.
To date, no single paper has reported the physiological concentration of NGF in the female reproductive tract. Our previous reports indicate a broad distribution of NGF and its receptor in female reproductive tissues (e.g., ovary, uterus, oviducts) [4, 23] . In males, it has been reported that the seminal vesicles contain high levels of NGF, up to 0.68 mg/ml [24] . These findings show that there are high levels of NGF expressed in the male and female reproductive organs, suggesting that the NGF signaling pathway might play an important role in reproduction. Further studies are needed in order to understand the temporal and/or spatial working mechanism of NGF signaling in reproduction.
In conclusion, we showed that NGF and its receptors are expressed in the testis, accessory reproductive organs and sperm cells. As endogenous sperm cell surface proteins, their expression is increased from caput to caudal epididymis. More importantly, we have shown that NGF treatment increases sperm motility and the acrosome reaction in a time-and dose-dependent manner. Finally, we find that NGF might regulate sperm functions in part by the MAPK pathway. Overall, these results suggest that NGF plays an integral role in sperm motility and the acrosome reaction through the MAPK signaling pathway. Modulation of this pathway may provide novel targets for treating clinical cases of reproductive disease such as infertility.
